Near-maximal treadmill exercise tests (TET) performed at the time of coronary arteriography and bypass graft visualization an average of 13 months after direct myocardial revascularization were analyzed in 217 consecutive patients to assess the accuracy of the TET in predicting completeness of revascularization. TET results were correlated with bypass patency and extent of revas-EXERCISE STRESS TESTING has been widely applied in the evaluation of the patient with suspected or known cardiac disease. The diagnostic value of exercise testing has continued to be assessed and in some quarters challenged in studies comparing the results of exercise testing with coronary arteriography.
SUMMARY Near-maximal treadmill exercise tests (TET) performed at the time of coronary arteriography and bypass graft visualization an average of 13 months after direct myocardial revascularization were analyzed in 217 consecutive patients to assess the accuracy of the TET in predicting completeness of revascularization. TET results were correlated with bypass patency and extent of revas-EXERCISE STRESS TESTING has been widely applied in the evaluation of the patient with suspected or known cardiac disease. The diagnostic value of exercise testing has continued to be assessed and in some quarters challenged in studies comparing the results of exercise testing with coronary arteriography.
As the enthusiasm for coronary artery bypass surgery has grown, the need to evaluate accurately the success of such surgery with noninvasive techniques in the postoperative period has become more pressing. Several studies1-7 have now correlated the results of postoperative exercise testing and the results of direct myocardial revascularization, but only a few such correlations have been based on the postoperative arteriographic definition of residual coronary occlusive disease and on documented bypass graft patency. This study was designed to extend these correlations and to answer the following questions: 1) Does the treadmill exercise test (TET) predict the presence of residual unbypassed coronary occlusive disease as accurately following direct myocardial revascularization as it predicts coronary occlusive disease preoperatively? 2) How useful is an analysis of the postoperative TET in estimating patency or occlusion of saphenous vein bypass grafts (SVG)? 3) Does a comparison between preoperative and postoperative TET results have more value in assessing the results of bypass surgery than the analysis of a postoperative TET alone? 4) How closely does the occurrence of angina at the time of postoperative treadmill stress testing correlate with the status of the coronary circulation and SVG patency? Methods Data on 217 consecutive patients who had undergone near-maximal or maximal treadmill exercise electrocardiographic stress testing at the time of repeat coronary arteriography and SVG visualization an average of 13 months following direct myocardial revascularization are included in this report. There were 193 men and 24 women ranging in age from 31 to 79 years with a mean of 54 years. Patients cularization. Although conversion of a TET from an abnormal to a normal test or relief of TET-induced angina following surgery is closely correlated with bypass graft patency, the high incidence of normal exercise tests in the presence of residual coronary disease limits their usefulness in the individual postoperative patient in estimating the completeness of revascularization.
with interventricular conduction defects, left ventricular hypertrophy, systemic diastolic blood pressures > 100 mm Hg, or patients taking a digitalis preparation at the time of the exercise study were excluded. One hundred and seven patients in this study had also undergone preoperative treadmill stress testing. This study population does not represent a true sample of our overall myocardial revascularization surgical experience since the majority of such patients were asymptomatic with a normal TET postoperatively and therefore did not undergo postoperative cardiac catheterization on a routine basis.
Treadmill Exercise Test
All patients exercised in a fasting state within one week of their postoperative cardiac catheterization. After a resting 12-lead electrocardiogram had been recorded, upright exercise on a motor driven treadmill (Quinton Instrument Company, model 18-54) was initiated using either a Bruce or modified Balke protocol.8' 9 Leads II, aVF and V5 were monitored continuously throughout exercise and recorded at 30 second intervals for subsequent analysis. Exercise was continued until the occurrence of symptoms of excessive dyspnea, fatigue, angina or dizziness or the appearance of ischemic ST-segment depression > 2 mm compared with the control tracings or until a heart rate exceeding 90% of the predicted maximal heart rate for the patient's age was achieved.10 The three leads were then monitored continuously for at least six minutes after exercise and recorded at 1-minute intervals for subsequent analysis. The intraexercise and postexercise electrocardiograms were then analyzed for ischemic ST-segment depression, in which the ST segment subtends an angle of at least 900 with the descending limb of the R wave from the J point for at least 0.08 seconds. The maximal extent of such ST depression below the baseline as established by the PR segment was recorded for each lead. In those few cases in which the resting ST segment was inscribed below the baseline (PR segment), this amount of ST-segment depression was subtracted from the maximal exercise ST depression, and the net change recorded. At least two of the authors interpreted the treadmill data without knowledge of the patient's clinical status or arteriographic data.
The occurrence of treadmill exercise-induced angina pectoris defined as a visceral quality discomfort in the mid-TAJBLE anterior chest which was relieved within a few minutes of rest following the stress test was noted.
Cardiac Catheterization
Postoperative left heart catheterization with coronary arteriography, left ventricular and aortic root cine angiography, and SVG visualization was accomplished via either a right brachial approach" or a percutaneous femoral approach" an average of 13 months after direct myocardial revascularization. Each coronary arteriogram and left ventriculogram was interpreted independently by at least two of us; the major coronary arteries and their branches were evaluated, and the most severe luminal narrowing in each vessel measured. Lesions compromising the luminal diameter by > 50% were considered significant. In each instance, the SVG was either selectively opacified or the occluded origin was visualized.
Results
At the time of their postoperative catheterization, 28 patients had 1-vessel coronary artery disease (CAD) with > 50% occlusion, 85 had 2-vessel CAD, and 104 had 3-vessel CAD. Twenty-nine of these patients also had significant occlusive disease of the left main coronary artery.
A single saphenous vein bypass graft had been used in 70 patients, two bypasses in 1 12 patients, and three bypasses in 35 patients. A total of 399 SVGs were performed (1.8 grafts/patient), and at the time of the catheterization 13 months postoperatively 76% of the SVGs were patent.
The patients were grouped and analyzed according to a) the completeness of their myocardial revascularization, and b) the number of patent SVGs as documented by postoperative catheterization:
(a) Group I 65 patients were completely revascularized with patent SVGs bypassing all coronary occlusive disease.
Group II 43 patients had patent SVGs bypassing all CAD except to a coronary artery with a transmural myocardial infarction in its distribution as confirmed by ECG and left ventriculography.
Group III 109 patients were incompletely revascularized with residual coronary occlusive disease which either was not bypassed at surgery initially or now received an occluded SVG and which was supplying an uninfarcted segment of left ventricular myocardium (table 1) . A coronary artery was considered to have residual disease if an unbypassed lesion were present which compromised the luminal diameter by > 50%. In group III, 60 patients had residual unbypassed 1-vessel disease, 39 had residual 2-vessel disease, and 10 had residual 3-vessel disease.
(b) Twenty patients had no patent SVGs at the time of their postoperative catheterization; 102 patients had one patent SVG, 83 had two patent SVGs, and 12 had three patent SVGs (overall graft patency rate = 76% with 91% of the patients having at least one patent graft an average 13 months postoperatively).
Correlation of TET with Extent of Revascularization and Graft Patency
Several degrees of ischemic ST-segment depression (including >_ 0.5 mm, _ 1.0 mm, ' 1.5 mm, 2 2.0 mm) were compared with the catheterization data to determine which criterion best correlated with the presence or absence of residual unbypassed CAD. Table 2 correlates the results of the treadmill exercise test (TET) using a criterion of abnormality of >_ 0.5 mm ischemic ST-segment depression if the achieved heart rate (HR) was ! 80% of the estimated maximal heart rate for the patient's age (MHR) and 2 1.0 mm ST-segment depression if the HR was > 80% of the estimated MHR.
Only 6 of 65 (9%) completely revascularized patients (group I) had an abnormal TET response; but 104 of 152 patients (68%) with residual unbypassed CAD had a normal TET response. Thirty of these 104 false normal responders On the other hand, conversion of a TET from abnormal preoperatively to normal postoperatively was meaningful. Fifty-four of 56 such patients (96%) had improved myocardial circulation postoperatively; 24 were completely revascularized (group 1), 10 were in group II, and 19 had only residual I-vessel CAD (with surgical conversion of 3-vessel coronary disease to 1-vessel disease in 11 patients and conversion of 2-vessel coronary disease to 1-vessel disease in eight patients).
Thirteen patients had a postoperative TET which was still abnormal but which had improved compared with the preoperative TET, i.e., the maximal ischemic ST-segment depression had lessened by at least 0.5 mm on the postoperative TET at the same or a greater attained heart rate. Seven of these patients had surgical conversion of 2 or 3vessel coronary disease to 1-vessel disease; five had surgical conversion of 3-vessel disease to 2-vessel disease; and one had persisting 3-vessel disease. Table 3 compares the results of the postoperative TET with evidence of improved myocardial circulation, i.e., SVG patency. Again, only a weak correlation is noted. Although 149 of 163 patients (9 1%) with a normal postoperative TET had at least one patent SVG, 48 of 54 patients (89%) with an abnormal postoperative TET also had at least one patent SVG. In that subgroup of 56 patients in whom an abnormal preoperative TET became normal postoperatively, 54 (96%) had at least one patent SVG; yet 18 of the 19 patients (95%) with an abnormal TET both preoperatively and postoperatively also had at least one patent SVG.
Correlation of Treadmill-Induced Angina With Extent of Revascularization and Graft Patency (table 4)
The provocation of angina on a postoperative TET was an uncommon occurrence and usually implied incomplete myocardial revascularization. Although 33 of 38 patients (87%) in this study developing angina during their postoperative TET had residual CAD, only 28 of 109 patients (26%) in group III developed angina postoperatively. Patients with more complete revascularization were even less likely to develop angina on their postoperative TET; only 5 of 65 group I patients (7%) and 5 of 43 group II patients (12%) did so.
Although the occurrence of angina on a postoperative TET strongly suggested incomplete revascularization, it did not accurately predict SVG occlusion. Only 29 of 197 patients (15%) with improved myocardial circulation postoperatively (_ 1 patent saphenous vein graft) had angina on their postoperative TET; but these 29 patients represent 76% of the 38 patients in the study with TET-induced angina postoperatively.
Patients who experienced angina on their preoperative TET but not on their postoperative TET at the same or greater heart rate were as likely to have residual unbypassed coronary artery disease (groups II and III) as to be completely revascularized (group 1). Of 84 such patients, only 31 were completely revascularized although 82 had at least one patent SVG. However, 13 of 17 patients (76%) with treadmill angina both preoperatively and postoperatively also had at least one patent SVG.
Discussion
The usefulness of the postoperative TET in determining functional performance in the patient who has undergone myocardial revascularization is well established,'3 but the ability to predict the status of the myocardial circulation postoperatively by analysis of the TET remains in doubt. It should be emphasized that coronary arteriography only assesses a potential anatomic basis for myocardial ischemia whereas resting and exercise electrocardiograms directly reflect evidence of such ischemia. Coronary arteriographic disease which is apparently occlusive may be present without ischemia so one should not expect a precise correlation between myocardial repolarization abnormalities and coronary pathology. Nevertheless, many correlations continue to be made between such anatomic-arteriographic findings and the associated physiologic-metabolic data; the need to exercise caution in making deductions regarding myocardial circulation from the exercise electrocardiographic findings is evident. A previous study'4 using criteria and a design similar to this study in preoperative patients being evaluated for chest pain found that an abnormal maximal stress test was a relatively accurate indicator of underlying coronary occlusive disease (89% of patients with an abnormal TET had CAD-11% false positive responses); but the lack of sensitivity of the TET was disappointing (only 62% of patients with CAD had an abnormal TET -38% false negative responses).
In the present study, it became readily apparent that although the specificity of the TET remained satisfactory in the postoperative patient (59 of 65 completely revascularized patients [91%] had a normal treadmill response), the sensitivity of the TET was unacceptably low (only 48 of 152 patients [32%] with any residual unbypassed CAD had an abnormal treadmill response). The sensitivity remained poor even if patients with a transmural myocardial infarction in the distribution of their only remaining coronary artery (group II) were excluded, if patients whose attained heart rate during exercise failed to exceed 80% of the maximal heart rate for their age were excluded, or if patients with residual single-vessel CAD were excluded.
Furthermore, one could not reliably estimate SVG patency or occlusion by analysis of the postoperative TET. A patient with an abnormal TET and a patient with a normal TET were equally likely to have at least one patent SVG.
We would conclude from these data that an electrocardiographically abnormal TET is as frequently associated with residual CAD postoperatively as preoperatively, but that a normal postoperative TET is of limited value. Only in the patient whose preoperative TET was abnormal did a normal or improved postoperative TET have correlative value (66 of 69 such patients [96%] had at least one patent SVG, and 57 of 69 such patients [83%] had either no residual CAD or single-vessel CAD).
Treadmill-induced angina was unusual in the postoperative patient, and its occurrence was closely correlated with residual CAD or incomplete myocardial revascularization. Thirty-three of the 38 patients (87%) developing angina on their postoperative TET had an incomplete revascularization, and only five of 65 completely revascularized patients (7%) had treadmill-induced angina. However, the absence of angina on a postoperative TET was of no value in estimating completeness of myocardial revascularization or SVG patency. Patients who experienced angina during their TET preoperatively but not postoperatively at the same or greater heart rate were as likely to have residual CAD (groups II and III) as to have been completely revascularized (group I); and although 82 of 84 such patients (98%) had at least one patent SVG, 13 of 17 patients (76%) with angina during both preoperative and postoperative treadmill testing had at least one patent SVG.
As was the case with the use of electrocardiographic ST segment criteria for predicting the results of myocardial revascularization, there was a close correlation between the occurrence of angina during treadmill stress testing (i.e., an abnormal test) and residual CAD; but no correlations were found with the completeness of revascularization in the patients without treadmill-induced angina (i.e., a normal test). Several studies" have evaluated exercise stress testing in patients following direct myocardial revascularization. We have summarized these reports in table 5 and have reanalyzed the available data in those patients in whom a postoperative cardiac catheterization was performed to assess further the accuracy of the exercise test postoperatively. The results in these studies are surprisingly uniform with the exception that exercise testing appeared to identify the patients with no patent saphenous vein grafts more accurately with a higher incidence of true positive responses in the previous studies than in our own study. The basis for this discrepancy is not readily apparent although the number of pa- tients in this subset is very small in each series, and there may well be differences in the extent of the CAD in the patient groups (13 of 20 such patients in our study had only single-vessel CAD). The other studies parallel our own in showing a low incidence of false positive tests (14-33%) but an excessive incidence of false negative tests (55-73%). It is apparent that treadmill stress testing provides an imperfect means of evaluating the success of myocardial revascularization and that the high incidence of false negative exercise tests limits the usefulness of such a normal test in the individual postoperative patient.
GRADED EXERCISE TESTS on a bicycle ergometer or on a treadmill have been advocated as reliable methods for the early detection of subjects with coronary artery disease (CAD). In recent studies a correlation has been shown between the presence of ST depressions in the electrocardiogram during exercise (XECG) and the findings on selective cine-coronary arteriography in male patients with chest pain.1 Furthermore it has been shown that asymptomatic subjects with ST depressions during exercise have a considerably higher probability of developing manifest CAD than those without such ECG changes.8-1 However, the ex-group). Best results were obtained with a combination of two ST amplitudes from lead X: sensitivity, 85%, specificity, 90%. This was confirmed in a test group of 43 patients and 43 normal subjects. The results of the discriminant function were expressed as the likelihood ratio for an abnormal or normal ST segment at a given heart rate, a figure which provides a quantitative assessment of the degree of exercise-induced ischemia. This is a more realistic approach than classification into normal or abnormal since persons with and without CAD fall along the same continuous spectrum. ercise tests which are currently in use have four important shortcomings.
1) The interpretation of the tracings is often difficult when excessive muscle noise, baseline drift or artifacts occur, despite careful skin preparation and electrode fixation. 2) Part of the test cannot be interpreted when the patient terminates the test before sufficient stress of the cardiovascular system is provoked. 3) As a result of these and other factors, the fraction "false negative" tests reported in all studies is considerable. The sensitivity of the ECG during symptomlimited exercise tests for prediction of obstructive CAD ranges from 52% to 85% at a specificity level between 83% and 100% (fig. 1 ). 4) According to current criteria, exercise ECGs are inter-
